and diastereoraeric analogs of these debxynucleosides.'^ *'' This 
synthetic route may also provide access to i so topically labeled 
nucleosides^^ for structural and pharmacological studies of 
nucleoside drugs as well as nucleotide polymers DNA and 
RNA, 
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Electron Transfer through DNA: SitQ-Specific 
Modification of Duplex DNA with Rutheiiium 
Donors arid Acceptors** 

Thomas J.. Meade* and Jprl F. Kayyem 

Long-range intramolecular electron transfer (ET) in protein- 
protein complexes and modified proteins takes place over ap- 
preciable distances at biologically significant rates.^^'^' Experi- 
ments, have confirmed its dependence on free energy and 
distance, as well as the irhportance of the reorganization of the /. 
Ugand sphere and solvent environment.^^' T\yo factors that in- 
fluence the rate of electron transfei* that are far less understood 
in both inorganic and organic systems are the structure of the 
intervening medium and the orientation of the donor -acceptor 
unit. 

A barriei: to the further understanding of the factors that 
influence the mechanisms of long-range electron transfer is the 
development of an architecture capable of critically testing these 
properties. The unique ability of complementary single strands 
of DNA to hybridize into a rigid duplex of defined structure 
makes an oligonucleotide an attractive choice for use as a 
molecular template. This template can be modified with spectro- 
scopically detectable and photochemically active redox centers 
at predetermined locations. Moreover, recent theoretical work 
suggests that the electronic coupUng between donor and accep- 
tor for modified DNA derivatives could display a remarkable 
dependence on nucleic acid sequence.^'^^ 
, In order to test these assumptions, we have devised a novel 
approach to prepare ruthenium-modified duplex DNA deriva- 
tives where the donor and acceptor are separated by any number 
of base pairs. The goal of this approach is to prepare a series of 
ruthenium-modified DNA derivatives in which 1) the rutheni- 
um complexes are covalently and rigidly attached to a single site 
on the duplex, 2) the redox potential of each ruthenium complex 
can be varied independently, 3) the DNA duplex is unperturbed 
by the presence of the ruthenium complexes, and 4) the redox 
states of the donors and acceptors are spectroscopically distin- 
guishable. This new synthetic procedure covalently attaches re- 
l dox centers of varying potentials to a series of oligonucleotides 
each modified with a primary amino group at the 2' position of 
the 5'-terminal ribose (Fig. 1). Intramolecular ET rates ob- 
tained from these rigidly attached redox centers should provide 
insight iiito the electronic coupling between donor and acceptor 
linked to DNA. 

Our strategy for the preparation of these transitiori metal 
DNA derivatives involves a departure from previous work in 
which oligonucleotides have been modified with organic mole- 
cules and metal complexes at the terminal phosphates,^^ var- 
ious heterocyclic bases/'' and the ribose ring,^^^"^^' This 
new approach employs the synthesis of two sets of complemen- 
tary strands (8-14 base pairs in length) of oligonucleotides 
rnodified with a terminal arninoribose^^*' and subsequent cova- 
lent modification with redox-active ruthenium complexes. Un- 
like fluorescent DNA tags such as fluorescein isothiocyanate 
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d NHCOCFs 
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NCCH2CH20 
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„U G C A T C G A 



ACGTAGCU. 



NH2 



„UGCATCGA 



TGCATCGA 
ACGTAGCU^ 



A C G T A G CU„^ 




Fig. 1. Scheme for the preparation of duplex DNA labeled with donors and accep- 
tors. The PMT-2'-iV-trifluoroacetyl -protected phosphoroamidite (1) is incorporat- 
ed into an oligodeoxyribqnucleotide (2, 2') by automated solid-phase synthesis 
techniques and "protected" with a complementary sirapd (formation of 3/30- After 
reaction With a ruthenium complex, the complenaent is i^moved, and the modified 
oligonucleotide purified. The procedure is repeated and the strands annealed to 
yield S. Abbreviations Uf;„, = 2'-aminp-2'-<ieoxytiridine; L = 2,5'-bipyridirie, imi- 
dazole, pyridine, NH3; DMJ = dimethoxytrityl. 



(FITC), the ruthenium complexes used in this work will react 
with the heterocyclic nitrogen atoms of the bases. Therefore, an 
unmodified complementary sequence is used as a large hydro- 
gen-bonded blocking groiip to protect the sites on the bases that 
are susceptible to attack by the metal. Under these condi- 
tions, the exposed primary 2'-amine at the 5'-terminal ribose 
position of the duplex DNA is readily modified with a variety of 



ruthenium complexes. In contrast, random ruthemuiii Tpociiri- 
cation of the heterocyclic nitrogen centers is eliminated in some 
cases and substantially reduced in others. 

A DMT-2'--/V-trifIuoroac€tyl-prolected phosphoroamidite (1) 
of 2'-amino-2'-deoxyuridine (UnhJ was prepared by variation 
of published procedures/*^' and oligodeoxyribonucleotides (2/ 
20 were assembled by standard solid-phase automated DNA 
synthesis techniques.^* The 2'-amino-o]igodeoxyribonucle- 
otide 2 was annealed to the complementary sequence to forrn 3. 
This UNH2-cofilainirig duplex was treated with [Ru(bpy)2C03], 
followed by imidazole in an inert atmosphere. The recovered 
duplex DNA was denatured in 7 m urea, and the ruthenium- 
modified oligonucleotide^*''' was purified by using C-18 re- 
versed-phase HPLC techniques (Fig. 2). This procedure was 
repeated with the complementary strand 2' employing 
[Ru(NH3)4(py)]^"^ as the acceptor. Finally, the two ruthenium- 
modified oligonucleotides 4 and 4' were annealed to give the 
desired duplex DNA 5 with a covalently bound donor and ac- 
ceptor. 
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Fig. 2. HPLC analysis and U V/Vis spectra of duplex DNA following modification 
with ruthenium. Oligonucleotides were denatured in 7 m urea at 60 ' C, injected orito 
a C-18 reversed-phase column, and eluted with a solvent mixture with a gradient 
of 2 to 40% CH3CN in 7 M urea and 0.1 m iriethylammonium acetate, pH 6.5. 
Peak A (25.4% CH3CN) is unchanged ami no-modified oligonucleotide 
(U^n^.GCATCGA); peak B (27.7% CH3CN) is the oligonucleotide complement of 
A (ACGTAGCT); peak C (38.8% CH^CN) corresponds 10 Ru-raodified A 
(UNHiRn(bpy>,(>rn)GCATCGA), where the absorption spectrum is consisten! with the 
presence of a single Ru(bpy)2(im)(UNH,) complex covalcnUy bound to the oligonu- 
cleotide. Identities of peaks A, B, and C have been confirmed by coinjections of 
authentic samples and by enzymatic digestion (alkaline phosphatase, phosphodi- 
esterase) followed by HPLC analysis of the nucleoside composition. 



The new metal-modified oligonucleotides were characterized 
by fluorescent labeling, enzymatic digestion, and duplex-melt- 
ing temperature studies. The arainoribose oligomers and theif 
complements were treated with FITC under conditions that 
favor labeling of primary amines. As expected, only the 2'- 
amino-2'-deoxyribose site was labeled, which verified the pres- 
ence of a primary amine on the DNA. Thermal denaturing and 
annealing experiments display similar melting temperatures for 
both ruthenium and aminoribose oligomers. In addhion, the 
amino-modified duplex DNA has been characterized by 2D ; 
NMR.'^^.^ These data confirm that the donors and acceptors are ; 
covalently attached to the 2'-amino-2'-deoxyribose position and ; 
indicate that the DNA structure is unperturbed by the presence . 
of the ruthenium complexes. 
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Kinetic measurements were performed by direct photb- 
induced and flash-quench techniques.'^"' The rate . of intra- 
molecular electron transfer in the eight base-pair long duplex, 
rriodified with the acceptor [Ru(bpy)2(im)]^^ and the doiior 
[Ru(NH3)4(py)]-'^, was determined to be 1.6(4) x 10^ s" * 
(metal-metal distance = 21 A).'^^' Since the drivirig force for 
this reaction (- AG'' % 0.7 eV) is well below the estimated reor- 
ganization energy (A ^ 0.9 eV)J^' ^^' the activationless rate 
constant for electron trarisfer between ruthenium centers is ex- 
pected to be roughly 2.5 x 10^ s"^ Interestingly, this estimated 
^triai value is comparable to the k^^^ of one of the most efficient 
protein systems studied, His39-modified cytochrome c (Fe-to- 
Ru distance = 20.3 A). f^^' 

Additional rates are required to determine the distance-de- 
pendent nature of this process, as well as to delineate the roles 
of base sequence and 7c-stacking in modulating the rates of long- 
range electron- transfer reactions through DNA. 
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Since the first synthesis of 'a stable di hydrogen complex, 
[W(Gd)3(PR3)2(^2-H2)] (R = c-CfiHi, (Cy), fPr) was reported 
by Kubas et al.^^^ in 1984^^^^ many theoretical and experimental 
studies on the structures and properties of transition metal 
dihydrogen complexes have been published Although metal • 
. dihydrogen complexes play an important role as intermediates 
in catalytic hydrogenation reactions, relatively little is known 
about their geometries and bond strengths. The exact experi- 
mental determination of the equilibirium geometry of the 
L„M-H2 moiety is difficult, because the very low barrier for 
rotation about the M-Hj axis even at very low teniperatures 
yields a high degree of librational motion, which artificially 
shortens the H-H bond.^^'^^ Neutron diffraction studies of sev- 
eral complexes showed surprisingly similar H-H distances of 
0.82 A,^^"'^' but recent experimental investigations of dihydro- 
gen complexes reported H-H distances of >1 A.^^' 

Even more difficult than the geometry is the experimental 
determination of the JVl-Hj bond energy. Ishikawa et al.^*^^ 
estimated from studies of the Ufetimes of several [W(C0)5L] 
complexes a W-L binding energy of >16 kcalmor^ for 
L^Hj. The metal -Ugand binding enthalpy of Hj in 
[W(CO)3(PCy3)2(H2)] was determined by Gonzalez et alJ^''^ 
by using solution calorimetry as A/f = 9.9 kcalmoP ^ A quan- 
tum mechanical study of [Cr(C0)5(H;i)] by Pacchionif^' gave a 
dissociation energy of 9.6kcalmol"^ for H2 dissociation. 
However, this value was derived from calciiiations only at 
the Hartree-Fock level of theory with partially optimized 
geometries. 

The parent carbonyl complexes (M(CO)5(H2)] are important 
for the study of M-H^ bonding, because the unsubstituted mol- 
ibciiles make it possible to analyze the metal -dihydrogen inter- 
actions in detail. The chromium analogue tCrCCOIsCH^)] is of 
particular interest, as it is a postulated intermediate in the water 
gas shift reaction.i^^ The complexes [MCCOj^CHz)] (M = Cr, 
Mo, W) have been characterized in noble gas matrices by TR 
spectroscopy,^^' but the equilibrium geometries and bond ener- 
gies are not known. We have recently shown that the metal - 
ligand bond lengths calculated at the MP2 level of theory and 
the theoretically predicted first dissociation energies at the 
CCSD(T) level of theory using effective core potentials for the 
metals in complexes iM(C0)5L] (M = Mo. W; L = GO; CS) are 
, in excellent agreement with experimental valties, while the calcu- 
lated Cr-L interatomic distances of [Cr(C0)5L] are slightly too 
short and the first dissociation energies too high.f'"' Similar 
results have been obtained for tMlCO)^] (M = Fe, Ru, Os) and 
.[MCCOy (M = Ni, Pd, Pt).f^^' In this paper we report the 
theoretically predicted equilibrium geometries, vibrational 
frequencies, and metal -dihydrogen bond energies of 
[M(GO)5(H2)] (M.= Cr, Mo; W) obtained at the same theoreti- 
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